Abstract. The problem of optical spectra of a molecule in a strong monochromatic field is considered within the framework of a simple numerically solvable quantum mechanical model. In this model two nondegenerate electronic states and one vibrational mode with different equilibrium positions in different electronic states are taken into account. The calculated spectra show a new vibrational structure, with the quantum exceeding that of a free moiecule, and also weak satellites of strong lines. Considerable changes of spectra with a small variation of laser frequency in the region of resonances with vibronic transitions and some other effects are also found and discussed. It is shown that orientational averaging does not lead to the disappearance of peculiarities in the spectrum.
Introduction
The interaction of atoms with a strong resonant laser field is an actual topic of nonlinear optics, which is investigated intensively both theoretically and experimentally. Such phenomena as the dynamic Stark effect, nutational oscillations of emitted intensity, antibunching of photons etc, have been thoroughly studied. The relevant references can be found in the review of Knight and Milonni (1980) .
A laser field can also affect molecule systems, rearranging their configuration and dynamics and, as a result, changing their optical spectra. Essential alterations of that kind are naturally to be expected only in a sufficiently strong field, greater than or approximately equal to 10' V m-', but in some special cases (molecules absorbed on a rough metal surface, large-size localised Frenkel excitons in molecular crystals) it may be one to three orders weaker (Loorits et a1 1983) .
Although the intensities mentioned are achievable nowadays, systematical studies of molecules and their optical spectra in a strong laser field are still in a very early stage. Trifonov and Troshin (1970) have considered the case when the Rabi frequency is small in comparison with the vibration frequencies of a molecule and only one pair of vibronic levels falls into resonance. They took both energetic and phase relaxation into account. Derbov et a1 (1979) have used the quasi-energy method (see Zel'dovich 1973) and discussed the problem of identifying different types of secondary radiation of molecules. Kiselev and coworkers have studied the problem of the configurational stability of a molecule in a strong monochromatic field (see references in Kiselev and Bordo (1981) ). Federov et a1 (1975) have found the conditions for use of the adiabatic approximation in the case of a strong field and indicated the possibility of a considerable change of molecular adiabatic surfaces. Kovarskii et a1 (1979) have calculated emission (scattering) spectra beyond the frames of the adiabatic approximation; however, the WKB method used allows only some parts of the spectrum to be described correctly.
In the present work we study the gradual changes occurring in the optical spectra of a molecule with the increase of light intensity. Under consideration it is an exactly solvable quantum mechanical model with two (ground and excited) electronic states and one vibrational mode. The latter one is supposed to have different equilibrium positions in different electronic states. We use the method of dressed vibronic states analogous to that of dressed atomic states (Cohen-Tannoudji and Reinaud 1977) . To find the dressed states of a molecule in a laser field an algebraic eigenvalue problem for a semi-infinite five-diagonal matrix must be solved. The solution is obtained numerically. Using calculated dressed states the optical spectra of a molecule in a strong laser field are found.
Let us remark that an analogous approach can also be used in studying the optical spectra of a molecule with degenerated electronic states in a strong laser field (Loorits eta1 1983).
The Hamiltonian
Let us regard the energy spectrum and stationary states of a molecule in a monochromatic laser field. It is known that in the rotating-wave approximation the dipole matrix element describing the interaction of the electronic system with the electromagnetic mode is of the form is the difference between the laser and pure electronic transition frequencies. The eigenstates (dressed states) of the Hamiltonian fiN may be written in the form
where In) are the n-phonon eigenstates of the Hamiltonian Hg. The stationary Schrodinger equation
reduces to the following five-diagonal matrix equation 
Optical spectra
Let us now consider the absorption and spontaneous emission of photons of nonlaser modes. The dipole matrix elements of one-photon transitions have the form for emission and absorption respectively. Here I p , N ) is the initial state, d is the projection of the operator d on to the polarisation vector of the emitted (absorbed) photon. Note that the factors under the sums in (1 1) are the eigenvector components of the adjacent blocks of the total block diagonal Hamiltonian (2). These blocks differ from each other due to the dependence of T N on N ( r N is proportional to N'").
In the case of a strongly excited laser mode the essential values of N are very large and differ little from the mean value: ( ( N -N ) 2 ) > " 2 < < Na(\d'12). Therefore we must solve the eigenvalue problem only for r = rN, and there is no need for further use of subscripts and superscripts N. For the same reason, no question about averaging the considered quantities over N arises any longer.
In the present work we neglect the radiative width of the dressed levels. In this approximation the optical spectra consist of zero-width lines. By applying the Fermi golden rule to the transitions considered the intensities of the lines are proportional to IM$,",/2. Then the normalised one-photon emission and absorption spectra are \ 2 where the frequency of emission w e = wL-E and that of absorption w, = wL+ E.
Actually the absorption of a weak probe field consists of two parts-the real absorption and the stimulated emission leading to the beam amplification. In accordance with the Einstein relation between the probabilities of spontaneous and stimulated emission the spectrum of the latter is equal to -l e ( w L -U , ) . Therefore, the total absorption spectrum ~( w a ) = l a ( u a -wL) -l e ( w L -wa).
(13)
A special point should also be made about the interpretation of the emission described by equation (11). Within the framework of a weak light field the emission classification is based on the role of relaxation processes (Rebane et al 1976) . We hold that this classification is also applicable in the case of a strong field. In our model the relaxation processes are supposed to be slow and not taken into account. Therefore the emission considered should be classified as Raman scattering. Correspondingly, the intensities of the lines in spectrum (11) determine the cross sections 6 of Raman scattering :
6"-p a ( ; c z n c ; n ) '/r2* (14) Here v -p is the order of Raman scattering.
Let us determine now the initial state ( p , N). Suppose that before the switch on of the interaction between the molecule and the mode the former was in the lowest stationary state /O)/g). The duration of the laser pulse is considered to be large in comparison with the vibration frequency but short compared with the characteristic radiation decay time. In this case the regime of adiabatic switch on of the interaction is realised, and only one level Ip,N), arising from the zero vibrational level of the ground electronic state lO)lg), will be populated. The number of this level is determined as follows: if A < 0, then p = O but if A > 0, then p is the entire part of A (see figure   1 , the eigenstate of fiN with the lowest energy is supposed to have the zero number).
Results of numerical calculations
The eigenvalues E, and eigenvectors c~Y (~) of the Hamiltonian fiN and the optical spectra (11) and (12) were calculated on a computer taking into account 100-150 vibrational levels in equation (9). For all used r, D and A it turned out to be sufficient; this was checked by comparing the results of computation for various numbers of included vibrational levels. The results of the calculations are presented in figures 1-4.
In figure 1 one can see the positions of dressed levels for r=O and r = 1 and in figure 2, their dependence on r, which is proportional to the absolute value of electric field strength. For most of the levels this dependence is essentially nonmonotonous. Such behaviour of the dressed levels is caused by their anticrossing, which may be easily understood, based on the adiabatic description of the dressed states. This description uses the eigenstates of the adiabatic Hamiltonians for the basis states. Here are the upper and lower branches of the adiabatic potential (see figure 1) . The potentials W,(q) and Wl(q) depend differently on r. Therefore the levels of the adiabatic Hamiltonian H, cross with the upper levels of the adiabatic Hamiltonian Hl. The anticrossing effect is then caused by nonadiabaticity, which is most important near the crossing points?. Let us now consider the calculated optical spectra (see figures 3 and 4). The first noteworthy feature of these spectra is the structure with a quantum exceeding that of a free molecule (see spectra for r > 1). This structure reflects the configurational and dynamical rearrangement of the molecule in a strong light field and can be interpreted as transitions to the levels of the upper branch W, of the adiabatic potential (see figure  1) . The satellites near some of these strong lines in the spectra reflect an anticrossing effect-they are caused by a nonadiabatic mixing of the levels with the nearest levels of the lower branch W, of the adiabatic potential. The effect of the mixing is the higher the less is the energetic distance between the levels, which is typical of Fermi resonance for the states of various branches of the adiabatic potential (see Loorits 1980) . t If A is integer or A 2 0, then the initially populated level p gets to the crossing area. Then the adiabatic switch on regime may be unrealisable because of small splittings of the levels in anticrossing points. In this work we considered the cases when the adiabatic switch on regime is realisable. The presence of lines in the anti-Stokes region for A > 0 is remarkable (in figure 5 these lines have negative numbers). At T = 0 the corresponding transitions appear as a result of the dressing (see figure 1 ). In the weak-field limit their intensity tends to zero as r2. Note that in the Stokes region lines also exist, whose intensity tends to zero as r2 (see e.g. curve in figure 5 for A = -2.5).
The next conclusion following from our calculations is a considerable change of the spectra at small variation of laser frequency in the region of resonance with vibronic transitions (see for example spectra at A = +O and A = -0). This change includes a jump-like part and a continuous one. The former is related to the jump-like change of the number of the initially populated level. The latter with the remarkable alteration of the wavefunction of the initial level in the region of tunnel transition frequencies. One more effect deserves attention: the disappearance of lines for some parameter values (see, e.g. the I, spectrum in figure 3 for r = 5 , E = 15 but also sharp minima in figure 4 ). This disappearance is caused by the change of the M:& sign (see equation (10)) with variation of I'. Let us mention that such effect is absent in the case of a two-level system in a strong monochromatic field. In connection with interpreting emission (11) as a Raman scattering it is essential to underline that in a strong-field case (r+ 1) the cross sections and the frequencies of scattering depend remarkably on the light intensity parameter r2 (see figure 4) .
Strong dependence of the scattering spectrum on the frequency of the exciting light is also noteworthy (see I, spectra in figures 3 and 4).
Orientational averaging
The possible systems for application of the above-presented theory are molecules in viscous solutions or in solid (amorphous or polycrystal) matrices. In these cases one should consider additionally the arbitrary orientation of molecules with respect to the field strength vector. Therefore the interaction constant varies for different molecules and the spectrum becomes smoothed. To find the lineshape one should evidently average the line positions over r with the distribution function p(T). It is essential, however, that this averaging does not necessarily lead to the disappearance of peculiarities in the spectrum. To illustrate what was said above, regard p(T) for the allowed electronic transitions of a linear molecule in a polarisation perpendicular to its axis. For such a transition (r,,, is the value of r for an orientation of the dipole transition moment along the electric field of the laser, 0 is the angle between the axis of the molecule and the field strength). We can see that here the function p ( T ) and also the lineshape have a square-root-type peculiarity. In the case of optical transitions resolved in a polarisation parallel to the axis of the molecule, no such feature in p(T) appears. Indeed, for such a transition 
